Polyphenol oxidase (PPO) is transported to plastid after translation. However, we often detect PPO activity in a soluble fraction of apple. Here we examined the location of PPO in retail apples. PPO activity was detected primarily in the plastidal fraction in most apples, however, it was sometimes detected more strongly in the soluble fraction than in the plastidal fraction. Western blotting analysis detected PPOs in both plastidal and soluble fractions as the same band. Some apples having high soluble PPO activity showed a band of decomposed PPO in addition to an intact band. Plastidal, soluble, and solubilized PPOs had similar optimal pH at about 4 and K m values (about 100 M). However, solubilized PPO showed the highest V max and soluble PPO the least value. Some part of PPO seems to be solubilized, denatured and proteolyzed during maturation and storage.
Polyphenol oxidase (EC 1.10.3.1, PPO) exists in various kinds of plants, and oxidizes polyphenols to their corresponding quinones. These quinones are furthermore polymerized with quinones or amines to form brown pigments. PPO is responsible for this enzymatic browning (Mayer & Harel, 1979; Mayer, 1987) , which we often observe in such fruits and vegetable as apples, bananas, and lettuce (Vamos-Vigyazo, 1981) . Substrates of the enzyme, polyphenols, are located in vacuoles and the enzyme exists in plastids or chloroplasts (Mayer & Harel, 1979; Vaughn & Duke, 1984) . Accordingly, they do not contact each other nor turn brown in intact cells. When cells are broken by cutting or bruising, the substrate and the enzyme comes into contact and then browning reaction starts.
Apple PPO is generally believed to be localized in plastids in intact cells as are other plant PPOs (Harel et al., 1964; Harel et al., 1965) . Our group has isolated apple PPO from a crude plastid fraction (Murata et al., 1992) and shown by immunohistochemical assay and subcellular fractionation that it is mainly located in plastids (Murata et al., 1997) . One cDNA (Boss et al., 1995) and two genomic DNAs (Haruta et al., 1998) of apple PPO were cloned and the N-terminal amino acid sequences show that apple PPO is transported to thylakoidal membrane of plastids. However, we have sometimes experienced that a soluble fraction of a mature apple shows definite PPO activity. Here we compare the soluble PPO and plastidal PPO in mature apples.
Materials and Methods
Materials Mature apples (Malus¥domestica cv. Fuji) were purchased in a local market (Tokyo) in 1995 and 1996.
Subcellular fractionation Mature apple fruits were roughly separated into three fractions: plastidal, mitochondrial, and soluble fractions. An apple was sliced, cored, and homogenized with a mixer (Tescom TM90, Tokyo) for 30 s in a 0.1 M Na/K phosphate buffer (pH 7.2) containing 0.4 M sucrose and 0.01 M ascorbic acid. The homogenate was filtered with 4 sheets of gauze. The filtrate (total homogenate) was centrifuged at 500¥g for 20 min. The precipitate was washed with the extraction buffer, designated as the plastidal fraction. The supernatant from total homogenate was further centrifuged at 30,000¥g for 30 min and the precipitate was designated as the mitochondrial fraction. The supernatant was added with ammonium sulfate to 80% saturation. The formed precipitate was recovered by centrifugation at 9000¥g for 10 min, dissolved by 0.1 M Na/K phosphate buffer (pH 7.2), and dialyzed against the same buffer, which was designated as the soluble fraction. This crude separation was repeated for more than ten apples.
Enzyme activity and protein assay PPO activity was measured by the spectrophotometric method (Fujita & Tono, 1988) at 320 nm to detect the decrease in chlorogenic acid according to the previous paper (Murata et al., 1995) . Fumarase activity (a marker for mitochondria) was measured by the spectrophotometric method at 250 nm to detect fumaric acid (Hill & Bradshaw, 1969) . Gluconate-6-phosphate dehydrogenase activity (a marker for plastids) was measured by the spectrophotometric method at 340 nm to detect NADPH (Journet & Douce, 1985) . Each measurement was performed in duplicate. Coefficients of variation were less than 0.1. Triton X-100 (0.025-0.5%) was added to a reaction mixture when the effect of detergent on the activity was examined. Protein content was assayed according to the Lowry method (Lowry et al., 1951) with bovine serum albumin as the standard.
Solubilizing PPO Solubilized PPO was prepared from the plastid fraction. A ten-fold volume of 0.1 M phosphate buffer containing 3% Triton X-100 was added to the plastidal fraction, which was sonicated for 40 s. The supernatant obtained by centrifugation at 18,000¥g for 10 min was applied to a column of DEAE-Toyopearl 650M (Tosoh Co., Tokyo) equilibrated with 0.1 M phosphate buffer. PPO protein was eluted with 0.3 M phosphate buffer.
Electrophoresis and Western blotting SDS-PAGE and
Western blotting were performed as previously described (Murata et al.,1993; Murata et al., 1995) . Plastidal fraction, soluble fraction, and solubilized PPO from plastid were electrophoresed under completely denatured conditions and blotted onto a nitrocellulose membrane.
Results and Discussion
We compared PPO activities at pH 4.0 in soluble and plastidal fractions of apples. Table 1 shows these activities in two fractions of fourteen retail apples. Although we observed high variations among apples, all the fruit showed PPO activities in both the plastidal and soluble fractions. Plastidal PPO activity (36±26 units/100 g apple) was higher than soluble PPO activity (16.2± 23.4 units/100 g apple). These variations seemed to be lower in the overall activity (52.5±26.9 units/100 g apple). We divided these apples into two groups. Group 1 showed higher plastidal than soluble PPO activity, while group 2 showed higher soluble activity. Eleven of the 14 apples (79%) were in group 1. Soluble and plastidal PPO activities in this group were 8.17±4.94 and 44.9±23.5 units/100 g apple, respectively, and in group 2 were 45.7±37.0 and 4.5±1.9 units/100 g apple, respectively. As most apples were in group 1, the mean of plastidal activities was several times higher than that of soluble PPO activities, although in some apples the reverse was true. Total activities of groups 1 and 2 were at similar levels: 53.1±23.9 and 50.2±35.5 units/100 g apple, respectively.
We checked activities of some marker enzymes to ascertain if this separation was adequate. Plastidal fraction showed several times higher activity of gluconate-6-phosphate dehydrogenase (1.4 units/mg protein), the marker enzyme of plastid, than soluble fraction (0.25 units/mg protein). PPO and gluconate-6-phosphate dehydrogenase activities of plastidal fraction increased 2-4 times with the addition of a detergent, Triton X-100, while these activities in soluble and mitochondrial fractions changed little when the detergent was added. Fumarase activity, a marker of mitochondria, of the mitochondrial fraction increased 3-5 times when Triton X-100 was added. The content (22 mg/100 g apple) of soluble protein in apples having a higher activity of soluble PPO was higher than that (9.0 mg/100 g apple) in apples having a lower activity of soluble PPO, showing that some disruption and solubilization of plastid had occured in these apples.
Next, we compared soluble PPO, plastidal PPO and solubilized PPO from plastid by Western blotting analyses. All three were detected in the same position, corresponding to 65 kDa (Fig. 1) , although we sometimes observed faint decomposed bands in the soluble fraction. These results suggest that the PPO protein was transported to plastid after translation and some of it was solubilized. In Western blotting analysis of PPO, a band of ca 65 kDa was always detected in the plastidal fraction, while an additional band of ca 43 kDa was sometimes seen in the soluble fraction with high PPO activity (Fig. 1) . It seems that PPO is partly solubilized from plastids and decomposed by proteolysis in an apple.
Some of the properties of soluble, solubilized, and plastidal PPOs were compared ( Table 2 ). The optimal pHs of the three were almost same, pH 4, which corresponded to a purified apple PPO (Murata et al., 1992) . The stabilities of soluble and solubi- 16.2 ±23.5 36.2 ±26.7 52.5 ±26.9 PPO activity was measured in the absence of Triton X-100. *, PPO activity in crude plastid fraction is higher than that in soluble fraction. **, PPO activity in soluble fraction is higher than that in crude plastid fraction. ***, soluble fraction plus crude plastid fraction. (U/min) 0.86 12.5 3.6 *, PPO was solubilized from plastid by Triton X-100; **, each enzyme solution was left at pH 2~8 for 15 h before PPO activity was measured at pH 4.0; ***, each enzyme solution was left at 30, 50 and 70˚C for 30 min before PPO activity was measured at pH 4.0. Residual activity was expressed by % of the control.
lized PPOs at various pHs were also almost the same, and were stable at pH 5-6. Plastidal PPO was stable at pH 4-5. The stability against heating varied slightly with solubilized PPO seeming the most stable. The K m values of the three PPOs toward chlorogenic acid were almost the same, 150 M, and the V max values of soluble, solubilized, and plastidal PPOs were 0.86, 12.5, and 3.6 U/min, respectively. In a control experiment, where soluble PPO was added to Triton and was purified by DEAE-Toyopearl, there was no definite change in soluble PPO.
All apples examined here showed PPO activity in both the plastidal and soluble fractions; the activity in most was higher in the former fraction, while in some it was higher in the latter. This result might occur artificially during preparation of plastid but PPO seems to be partly solubilized in cells of apples. Marques et al. (1995) showed that two isoforms of PPO existed in apple fruits and that one (64 kDa) was proteolyzed into another isoform (42 kDa). In this study, we observed that a soluble fraction showing high PPO activity contained a decomposed fragment of plastidal PPO, which corresponded to the their result. In a previous study (Murata et al., 1994) , our group showed that denaturation of PPO occurred partly during ripening of apples. When apple PPO protein was expressed in Escherichia coli, several decomposed bands of PPO in addition to an intact PPO protein were observed (Haruta et al., 1988) . PPO was believed to be partly solubilized from plastids and proteolyzed during ripening and storage. The soluble, solubilized and plastidal PPOs showed similar properties, with the V max value of solubilized PPO being highest, followed by plastidal PPO, and that of soluble PPO being the lowest. This suggests that the PPO activity rose by solubilization from plastid and then decreased.
In conclusion, apple PPO is transported in plastids, and then partly solubilized, denatured, and proteolyzed during ripening or storage.
